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ABSTRACT
We present narrowband WFC3-UVIS and -IR images of four externally irradiated
protostellar jets in the Carina nebula: HH 666, HH 901, HH 902, and HH 1066. These
massive jets are unusual because they are bathed in UV radiation from dozens of
nearby O-type stars, but despite the strong incident ionizing radiation, portions of the
jet remain neutral. Near-IR [Fe II] images reveal dense, neutral gas that was not seen
in previous studies of Hα emission. We show that near-IR [Fe II] emitting gas must be
self-shielded from Lyman continuum photons, regardless of its excitation mechanism
(shocks, FUV radiation, or both). High densities are required for the survival of Fe+
amid the strong Lyman continuum luminosity from Tr14, raising estimates of the
mass-loss rates by an order of magnitude. Higher jet mass-loss rates require higher
accretion rates onto their driving protostars, implying that these jets are driven by
intermediate-mass (∼ 2− 8 M⊙) stars. Indeed, the IR driving sources of two of these
outflows have luminosities that require intermediate-mass protostars (the other two are
so deeply embedded that their luminosity is uncertain). All four of these HH jets are
highly collimated, with opening angles of only a few degrees, similar to those observed
in low-mass protostars. We propose that these jets reflect essentially the same outflow
phenomenon seen in wide-angle molecular outflows associated with intermediate- and
high-mass protostars, but that the collimated atomic jet core is irradiated and rendered
observable in the harsh radiative environment of the Carina nebula. In more quiescent
environments, this atomic core remains invisible, and outflows traced by shock-excited
molecules in the outflow cavity give the impression that these outflows have a wider
opening angle. Thus, the externally irradiated jets in Carina constitute a new view of
collimated jets from intermediate-mass protostars, and offer strong additional evidence
that stars up to at least ∼ 8 M⊙ form by the same accretion mechanisms as low-mass
stars.
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1 INTRODUCTION
Herbig-Haro (HH) objects are the emission-line features as-
sociated with outflows emanating from young stellar objects
(YSOs). These optical nebulosities become visible when out-
flow material collides with the ambient medium or earlier
ejecta, thus shock heating the material and leading to the
characteristic emission-line spectra (Herbig 1950, 1951; Haro
1952, 1953). The outflows that produce these nebulosities
are formed during a protostar’s active accretion phase, and
the longest HH flows bear evidence of a protostar’s mass-
⋆ E-mail: mreiter@as.arizona.edu (MR)
loss history over a significant fraction of its accretion age
(Reipurth & Bally 2001).
The details of how a jet is launched remain unclear, al-
though energy liberated from mass accretion onto a proto-
star must power the flow (e.g. Cabrit et al. 1990; Shu et al.
1994; Ouyed et al. 1999; Pudritz et al. 2006). Jet mass-loss
rates from low-mass T Tauri stars appear to be ∼ 1−10% of
the mass accretion rate (Hartigan et al. 1995; Calvet 1998).
Thus, the resulting jet morphology and kinematics may pro-
vide an indirect record of the protostar’s accretion history.
Outflows are of particular interest for stars at the upper
end of the initial mass function (IMF), where the formation
mechanism of the highest mass stars remains unclear (e.g.
Zinnecker & Yorke 2007). Jets driven by intermediate-mass
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stars may be especially illuminating as they sample accre-
tion and outflow in the critical transition between low- and
high-mass star formation.
Most outflows driven by intermediate- to high-mass pro-
tostars have been observed via the millimeter emission of
entrained molecules or free-free emission from the inner jet
(e.g. Beuther et al. 2008; Forbrich et al. 2009; Fuente et al.
2009; Takahaski & Ho 2012). A wide range of morphologies
are seen in the outflows from more massive protostars, from
collimated jets (e.g. Beuther et al. 2002b) to wide, bubble-
like structures, possibly cleared by wide-angle winds (e.g.
Shepherd & Kurtz 1999) or even wide-angle explosive phe-
nomena like the Orion BN/KL outflow (Bally et al. 2011).
Growing evidence suggests that outflows may be driven by
some combination of a collimated jet and a wide-angle wind,
with different components dominating at different times
(see, e.g. Seale & Looney 2008). For more massive protostars
(M > 2 M⊙), Beuther & Shepherd (2005) have proposed
an evolutionary scenario where ionizing radiation from the
forming star increases the plasma pressure at the base of the
outflow to the point that it overwhelms magnetic collima-
tion, leading to wider opening angles. Young O-type stars
cannot create jet-like outflows in this scenario. However, col-
limated, ionized jets from young, massive protostars have
since been observed (e.g. Guzma´n et al. 2011, 2012), making
the relationship between outflow collimation and protostel-
lar mass unclear.
Young clusters provide an environment where accreting
protostars reside alongside massive stars that are already
on the main sequence. Massive O-type stars bathe those
protostars in UV radiation, and this external radiation illu-
minates the unshocked material in the body of the outflow,
allowing for better constraints on the jet properties using di-
agnostics of photoionized gas. UV radiation also erodes the
circumstellar environment that would normally obscure an
actively accreting protostar. Few irradiated jets have been
studied in detail, and most that have been studied are driven
by low-mass protostars (e.g. in Orion, see Reipurth et al.
1998; Bally et al. 2000; Bally & Reipurth 2001; Bally et al.
2006). A sample of intermediate-mass protostars caught ac-
tively accreting would provide valuable clues to the under-
lying mechanism that may unify low- and high-mass star
formation in the critical 2− 8 M⊙ regime.
In this paper, we study a sample of such objects in the
Carina nebula. Hα observations with HST revealed 39 can-
didate and confirmed HH jets in the Carina nebula with
high mass-loss rates, implying that the sample is dominated
by intermediate-mass driving sources (Smith et al. 2010a),
although some extremely young, embedded low-mass YSOs
are also possible. These 39 jets are irradiated by Carina’s
extreme O-star population, and the photoionization of the
jet body allows for an estimate of the jet mass-loss rate
from the Hα emission measure. This is currently the largest
known sample of irradiated intermediate-mass flows in a sin-
gle region, extending the range of masses, environments, and
evolutionary stages beyond those seen in Orion.
Jet properties derived from the Hα emission measure
provide valuable insights into the nature of the irradiated
material in protostellar outflows, but this tracer of the mass
still suffers from a number of uncertainties, including the
volume filling factor and the ionization fraction in dense
regions of the jets. While filling factors can be reasonably
well estimated from jet morphology in HST images, for jets
with densities > 2000 cm−3, gas may remain neutral, and so
Hαmay not trace the majority of the mass in the jet, leading
to an underestimate of the mass-loss rate (see Hartigan et al.
1994; Smith et al. 2010a).
In this paper, we explore the λ12567 and λ16435 [Fe II]
lines, which probe the low-ionization material in these jets
that is not traced by Hα. While photons with hν > 13.6 eV
are absorbed at the ionization front, far-UV radiation (7.6−
13.6 eV) can still penetrate into the dense, neutral portions
of these jets, providing a population of singly ionized Fe
that traces the otherwise invisible column of neutral atomic
gas in the jet. In addition, IR wavelengths can penetrate
extinction from the globule, in some cases connecting the
jet with its optically obscured driving source. [Fe II] λ12567
and λ16435 both originate from the a4D level, so their ratio
is insensitive to excitation conditions and can be used to
estimate variations in the reddening along these jets. These
[Fe II] transitions have a high critical density (ncrit ∼ 3×10
4
cm−3), and so they trace the dense gas that might make up
most of the mass of the jet.
Here we present a pilot study where we analyse archival
WFC3 images of some of the most spectacular HH jets in the
Carina nebula — HH 666, HH 901, HH 902, and HH 1066.
Narrowband [Fe II] images provide the first high-resolution
IR view of these jets. Previous jet mass-loss rates derived
from the Hα emission measure did not include this dense,
neutral gas, and therefore underestimated the mass. We dis-
cuss these objects as examples of very dense and massive
irradiated protostellar jets driven by intermediate-mass pro-
tostars.
2 OBSERVATIONS
After the discovery of many new HH jets in the HST/ACS
Hα survey of the Carina nebula (Smith et al. 2010a), a few
of the most dramatic jets were targeted with WFC3 for Early
Release Observations after SM4, and to commemorate the
20th anniversary of the Hubble Space Telescope. WFC3 op-
tical and IR data of HH 666 (αJ2000 = 10:43:51.54, δJ2000 =
-59:55:20.53) were obtained as part of WFC3’s Early Release
Observations on July 24-30, 2009. 6′ × 6′ mosaics were ob-
served in three narrowband optical filters — Hα (F656N;
total integration time 7920s), [S II] (F673N; 9600s) and
[O III] (F502N; 7920s) — in addition to [Fe II] λ12567 (600s)
and λ16435 (700s). No Paschen-β images are available for
HH 666. Angular resolution is a factor of ∼ 3 coarser for the
[Fe II] images compared to the visual wavelength images.
Drizzled mosaics for HH 666 are available from the Hubble
Legacy Archive 1.
Images of the HH 901 field (αJ2000 = 10:44:05.25, δJ2000
= -59:29:45.00; the field also includes HH 902 and HH 1066)
were taken February 1-2, 2010 to make images for public
release in celebration of Hubble’s 20th anniversary (PID
12050, P.I. M. Livio). Each of the four pointings in the
∼ 6′ × 6′ mosaic was covered with a 2 × 2 mosaic pat-
tern with small dithers within each pointing to correct for
imaging artifacts. Narrowband optical images obtained with
1 http://hla.stsci.edu/hlaview.html
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Figure 1. WFC3-UVIS (top) and WFC3-IR (bottom) color images of the HH 666 jet. Features D, A, E, M, O, N, I, and C identified by
Smith et al. (2004) are the components of the jet; these are labelled here except for feature D which is off the right side of the image.
Strong emission in both of the observed [Fe II] lines traces a highly collimated jet back into the parent globule, connecting the optical
jet to a bright, embedded intermediate-mass protostar. A reflection nebula labelled “RN” to the north of the driving source is probably
stellar light reflecting off the cavity wall.
WFC3/UVIS complement earlier ACS Hα imaging of Trum-
pler 14 (Tr14), adding a second-epoch Hα observation (total
integration time 1980s) and high-resolution images in [S II]
(2400s) and [O III] (3200s). In addition to the two [Fe II]
lines (total exposure time of 2400s at λ12567 and 2800s at
1.64 µm), IR images of HH 901 include Paβ (F128N; 2800s).
Unfortunately, no accompanying line-free continuum images
in the optical or IR are available from WFC3 for either field
(HH 666 or HH 901). This complicates some of the analy-
sis because we cannot correct for scattered continuum light
that may be included in the narrowband filters. As such, we
are only sensitive to the brightest [Fe II] emission. In order
to extend this analysis to a full statistical sample including
fainter HH jets, continuum-subtracted images are required.
3 OBSERVED JET MORPHOLOGY
3.1 HH 666
HH 666 is a spectacular bipolar jet emerging from the head
of a dust pillar located 11 pc south of η Carinae (Smith et al.
2004). High resolution Hα imaging with HST/ACS con-
firmed the shock morphology of features HH 666 D, A, E,
M, O, N, I, and C (see Figure 1 Smith et al. 2010a). Sev-
eral of the optically identified features in HH 666 also have
strong [Fe II] λ16435 emission as seen in ground-based im-
ages (Smith et al. 2004). The most striking of these features
is the clearly delineated bipolar jet embedded within the
pillar. New images from WFC3 trace the jet back to the
driving protostar, and allow us to examine the morphology
of the jet in detail.
The southeast portion of the inner jet (feature
HH 666 O) is highly collimated in [Fe II] emission, with sev-
c© 2013 RAS, MNRAS 000, 1–15
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Figure 2. Zoomed images of the inner HH 666 jet (features O and M) in Hα (a), λ12657 +λ16435 [Fe II] emission (b), [S II] / Hα ratio
image (c), λ16435/Hα ratio image (d), a combined color image (e), and a cartoon (f) illustrating the relationship between the optical
Hα (gray lines) and IR [Fe II] emission (red lines). Highly collimated [Fe II] emission to the northwest of the IR source clearly connects
the jet with the driving protostar. Hα and [S II] emission outline [Fe II] emission in the eastern limb of the jet, possibly tracing material
excited in the walls of a cavity cleared by the atomic jet core.
eral bright [Fe II] knots along the flow (Figure 2b). Optical
emission traces thin bow shocks that cloak the collimated IR
jet in a wider cavity identified as the Hα + [S II] “sheath” in
Figure 2. The λ16435/Hα flux ratio in the southeast portion
of the jet (feature HH 666 O) is over an order of magnitude
higher than in the ionization front along the nearby molecu-
lar cloud (∼ 6 in the jet compared to ∼ 0.2 in the ionization
front).
On the opposite side of the HH 666 driving source,
bright optical and IR emission traces a collimated jet (fea-
ture HH 666 M, see Figure 2b). Bright spots in the [S II] /
Hα ratio image (Figure 2c) trace probable internal working
surfaces (bright knots in the middle of HH 666 M and O, see
Figure 2e). In contrast, bright emission in the λ16435/Hα
ratio image (Figure 2d) is not confined to the two brightest
clumps in HH 666 M (where we would expect [Fe II] to be
shock excited), but is bright throughout the full length both
HH 666 M and O. Thus, bright [Fe II] emission from the jets
does not follow other tracers of shock excitation.
The HH 666 driving source is barely discernible in
Hα images, but becomes increasingly prominent in the IR.
Based on analysis of the near-IR SED, Smith et al. (2004)
propose that the driving source (HH 666 IRS) is an embed-
ded intermediate-mass protostar. The best-fit model to a
more complete IR SED from Povich et al. (2011) supports
this conclusion, reporting a best-fit mass of 6.3 M⊙ (catalog
number 345 in their sample).
3.2 HH 901 and HH 902
HH 901 and HH 902 are neighboring bipolar jets with out-
flow axes nearly perpendicular to the symmetry axis of their
parent clouds (see Raga et al. 2010) and irradiated by the
nearby Tr14 star cluster (Smith et al. 2010a). New HST im-
ages of the field containing HH 901 and HH 902 (as well as
HH 1066, formerly candidate jet HH c-1) are shown in Fig-
ure 3. Both jets emerge from the heads of dark dust pillars.
They are highly collimated, with high Hα surface bright-
nesses (∼ 1− 3× 10−14 erg/s cm−2 arcsec−2) that indicate
high electron densities of & 1 − 1.7 × 103 cm−3. Brighter
Hα emission is found along the south side of the jets facing
Tr14, as compared to more diffuse emission from the north-
ern sides of these jets. This implies a sharp ionization front
along the south-facing edge of the jet body. Thus, ionizing
photons may not penetrate through the jet, so these jets
could have a substantial amount of undetected neutral ma-
terial. They may also be shaped by the stellar winds and/or
radiation from Tr14 as discussed in Section 4.5.
3.2.1 HH 901
Figure 4 provides a detailed view of HH 901 from the
new WFC3 images. While some [Fe II] emission is evident
throughout the optically identified portions of the jet, [Fe II]
emission is brightest along the western portion of HH 901,
offset ∼ 0.5′′ from the cometary cloud. This portion exhibits
a λ16435/Hα flux ratio of ∼ 3 (compared to ∼ 7×10−4 from
c© 2013 RAS, MNRAS 000, 1–15
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Figure 3. Full WFC3-UVIS (left) and WFC3-IR (right) color mosaics of the complex of dust pillars and cometary globules to the
northwest of Tr14 housing HH 901, HH 902 and HH 1066. [Fe II] emission allows us to clearly identify the jet morphology of HH 1066
(previously candidate jet HH c-1, Smith et al. 2010a) and to connect jet emission with a Spitzer-identified intermediate-mass protostar.
No protostar is identifiable for HH 901 or HH 902, and bright [Fe II] emission in both jets is only found outside the pillars.
the ionization front along the neighboring pillar). Extended
[Fe II] emission stretches along the jet axis, but its centroid
is offset ∼ 0.05′′ north of the thin Hα and [S II] emission at
the edge of the jet (see Figure 5).
A sketch of the observed stratified emission structure in
HH 901 is presented in Figure 5. For a sufficiently dense jet
in an external radiation field, an ionization front will exist
in the jet itself, resulting in an ionized skin shielding a core
of neutral H (Figure 4e,f). [S II] emission in the jet does not
extend north of the narrow ionization front to where [Fe II]
emission is brightest, probably resulting from high densities
(> 103 cm−3) in the neutral jet where [S II] is collisionally
de-excited.
Unlike in HH 666, [Fe II] emission does not trace HH 901
all the way back to the driving source. In fact, [Fe II] emis-
sion from HH 901 is only detectable outside the pillar bound-
ary. Possible explanations for this difference include optical
depths in the HH 901 pillar so high that external FUV pho-
tons cannot penetrate the cloud (so that [Fe II] emission
is not excited), extinction blocks the inner jet, or that the
driving protostar is no longer actively accreting and there-
fore no longer driving a jet. A steep drop in the accretion
rate would need to be timed correctly so that a drop in
density along the jet exactly coincides with the edge of the
cloud. Assuming V = 200 km s−1, this would have had to
happen within the last ∼ 55 years, making this possibility
unlikely. We discuss the other two potential explanations in
turn below.
The well-defined ionization front along the edge of the
HH 901 pillar suggests very high densities (> 3× 104 cm−3,
see Section 4.2) such that Lyman continuum radiation can-
not penetrate beyond the pillar edge. Conversely, the ion-
ization front along the HH 666 pillar is significantly less
sharp with evaporative streams extending ∼ 5 − 10′′ from
the ionization front. The edges of both pillars are bright in
the [S II] / Hα ratio image, indicating a significant drop in
the ionization fraction at the edge of the pillar (Figure 4c,
Domgo¨rgen & Mathis 1994). The central protostar is not
seen in HH 901, but is clearly seen in HH 666. Moreover,
several background stars shine through the pillar hosting
HH 666 in the near-IR images. Together, this suggests that
the inner regions of HH 901 are obscured by dust in a glob-
ule that is more dense and opaque than the comparatively
“fluffy” HH 666 pillar. Flux limits indicate that any [Fe II]
emission from within the HH 901 pillar must be at least
∼ 400 times fainter than in the western limb of the jet. If
the inner jet has the same brightness as in the western limb,
this implies > 6 mag of extinction at λ12567 (AV ≈ 9 mag),
or a column of & 2× 1022 cm−2 (Gu¨ver & O¨zel 2009). This
is in contrast to the HH 666 pillar, where the λ16435/Hα ra-
tio suggests τ ≈ 0.2 at 1.26 µm, corresponding to AV ≈ 0.3
mag (see Figure 9, Section 3.3). With the smaller physical
size of the pillar housing HH 901 (∼ 2′′ wide, ∼ 0.02 pc
at a distance of 2.3 kpc) than the HH 666 pillar (∼ 40′′
wide, ∼ 0.4 pc), this implies much higher volume densities
obscuring the HH 901 driving source (nH ≈ 3 × 10
5 cm−3
compared to nH ≈ 4× 10
2 cm−3 for HH 666).
No point-like emission is detected from the tip of
the HH 901 pillar in the WFC3-IR bands, nor at longer
wavelengths with Spitzer and Herschel (Povich et al. 2011;
c© 2013 RAS, MNRAS 000, 1–15
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Figure 4. Hα emission (a), λ12657 + λ16435 Fe II] emission (b), [S II] / Hα ratio (c), λ16435/Hα ratio image (d), a color image (e),
and cartoon (f) illustrate how [Fe II] (red lines) peaks behind Hα (gray lines) in the western limb of the flow.
Ohlendorf et al. 2012). Bright 24 µm emission from the sur-
roundings makes it impossible to confirm or rule out any
point-like emission that would signify the presence of an ex-
tremely young, deeply embedded low- or intermediate-mass
protostar. More detailed analysis is needed and will be the
subject of a follow-up paper (Reiter et al. in prep). The lack
of emission at all observed IR wavelengths supports the con-
jecture that we do not observe [Fe II] emission from the jet
within the pillar due to high dust optical depths at 1 − 2
µm.
3.2.2 HH 902
The clumpy structure of HH 902 is evident in multiple knots
of bright [Fe II] emission from the jet (Figure 6), which we
c© 2013 RAS, MNRAS 000, 1–15
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Figure 5. Top Left: HH 901 Hα image indicating location of slice through jet used for the intensity tracing plotted to the right. Bottom
Left: Cartoon of the stratified emission structure of HH 901. Lyman continuum photons ionize H on the side of the jet facing the ionization
front (Hα emission, black). [S II] peaks at the same location as Hα, but is shown slightly offset here (blue). Behind the ionization front,
Balmer continuum photons heat the jet, collisionally exciting [Fe II] emission (red) in the neutral jet core, leading to peak emission
behind both optical lines. Right: Hα, [S II], and [Fe II] λ16435 intensity tracings of the western edge of the jet plotted as a function of
the offset from the centroid of the Hα emission, showing the 0.04′′ offset between the [Fe II] and optical line emission.
label as HH 902 O, R, P, H, E, U, and S. Emission from
the western limb of the flow is bright beyond the pillar edge
(∼ 1′′), revealing two narrow features along the jet axis and
bright, arc-like [Fe II] emission from the bow shock (feature
O, Figure 6). As in HH 901, the centroid of narrow [Fe II]
is offset from Hα and grows bright ∼ 0.2′′ north of the ion-
ization front traced by Hα and [S II] (feature R).
Bright [Fe II] along the eastern edge of the pillar (fea-
ture H) is probably the jet skimming the pillar edge. The
high λ16435/Hα ratio here indicates that [Fe II] emission
comes from the jet emerging from the pillar, rather than the
ionization front and cloud edge (λ16435/Hα ∼ 2 from the
jet compared to λ16435/Hα ∼ 0.5 along the adjacent pillar
edge).
To the east, [Fe II] emission from the jet is relatively
narrow (∼ 0.5′′). Features E, U, and S have λ16435/Hα ∼ 5,
∼ 6, and ∼ 8 respectively, much higher than in any nearby
cloud. As with HH 901, there is no clear evidence for [Fe II]
emission from the HH 902 jet base or near-IR continuum
from the driving source, suggesting that the HH 902 pillar
is similarly dense and opaque.
3.3 HH 1066
Smith et al. (2010a) listed a possible collimated jet emerg-
ing from a cometary cloud near HH 901 and HH 902 as
candidate jet HH c-1. New WFC3 optical and IR images
(Figure 7) clearly show a collimated bipolar flow emerging
from the apex of the cloud. [Fe II] emission is too bright
to be consistent with structure in the ionization front, with
λ16435/Hα > 30. We therefore assign an HH number of 1066
to this protostellar jet. The newly-minted HH 1066 is strik-
ing in the [S II] and Hα images, as they reveal two bright
spots where the jet punches out of the parent cloud. These
two spots lay close together (∼ 0.4′′) and have roughly equal
brightness, suggesting a nearly edge-on orientation for the
disk-jet system, with an optically thick circumstellar disk
obscuring the base of the jet in all three of the optical bands.
[Fe II] emission at both λ12657 and λ16435 is extremely
bright throughout the HH 1066 jet body and in the bow
shock on the western edge of the flow (see Figure 7). Some
fainter [Fe II] emission opposite this feature to the east may
be the complementary bow shock, but proper motions are
required to confirm this.
Both [Fe II] λ12567 and λ16435 originate from the same
upper level (a4D), so their intrinsic flux ratio is determined
by atomic physics (see, e.g. Smith & Hartigan 2006). Ob-
served deviations from that ratio provide a direct measure
of the reddening. Ideally, a flux ratio would be done with
continuum-subtracted images, but unfortunately, no nar-
rowband WFC3 continuum images are available for this
epoch because these images were obtained to make public
outreach images. However, HH 1066 is in a less complicated
environment than the other three jets, making it possible
to fit and subtract the sky emission around the jet from
the [Fe II] images themselves. Local sky emission for each
position along the jet is estimated with linear fits to sky
emission adjacent to the jet. After subtracting estimated
sky emission, we measure the ratio R = λ16435/λ12567. In
the absence of any extinction, the λ16435 line will be fainter
(Smith & Hartigan 2006, derive an intrinsic R = 0.67). An
increase inR will correspond to an increase in the reddening.
Figure 8 shows R measured along the HH 1066 jet. We
find R is relatively constant throughout most of the jet, but
the ratio increases toward the jet base (within 2′′), reach-
ing a maximum of R = 1.22. Using R = 4.8, as measured
toward Carina (R. Smith 1987; Smith 2002), this is equiv-
alent to an AV ≈ 13 mag, where optical emission from the
c© 2013 RAS, MNRAS 000, 1–15
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Figure 6. Detailed view of HH 902 with Hα (a), λ12657+λ16435 [Fe II] emission (b), [S II] / Hα ratio (c), λ16435/Hα ratio (d), a color
image (e), and cartoon (f) illustrate the stratified emission structure of the jet (red lines illustrate [Fe II] emission while gray lines show
Hα). Bright [Fe II] emission features and remarkable changes in the optical jet are labeled as O, R, P, H, E, U, and S and are discussed
in Section 3.2.2.
c© 2013 RAS, MNRAS 000, 1–15
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Figure 7. Detailed view of HH 1066, which emerges from a small globule near HH 901 and HH 902. Hα (a) and [Fe II] λ12657+λ16435
(b) clearly reveal the jet morphology. Two bright spots in the [S II] / Hα ratio image (c) reveal where the jet punches out of the globule.
The λ16435/Hα ratio image (d), and a combined color image (e). A cartoon (f) illustrates our interpretation that optical emission (Hα,
gray lines) near the driving source is obscured by an optically thick disk ([Fe II] emission is shown in red). Optical and IR emission from
the jet are shown slightly offset for clarity.
jet disappears (see Figures 8 and 9). This is morphologically
consistent with an edge-on flared circumstellar disk block-
ing optical radiation around the jet base. AV may increase
further in narrow regions along the disk where [Fe II] is ob-
scured as well2.
Model fits to the SED of a Spitzer-detected YSO located
along the HH 1066 jet axis yield a stellar mass estimate
of 2.8 M⊙ (catalog number 429 from Povich et al. 2011).
The jet mass-loss rate of ∼ 10−7 M⊙ yr
−1 estimated from
the Hα emission measure (Smith et al. 2010a) implies an
accretion rate > 10−6 M⊙ yr
−1 (assuming M˙jet/M˙acc =
0.1), two orders of magnitude higher than average accretion
rate found for intermediate-mass T Tauri stars (∼ 3× 10−8
M⊙ yr
−1, Calvet et al. 2004), suggesting that this source is
very young.
2 At 1.64 µm, the angular resolution is 0.165′′, corresponding
to ∼ 400 AU, over which the optical thickness of the disk may
be expected to change significantly (see, e.g. Cunningham et al.
2011).
4 DISCUSSION
4.1 [Fe II] Emission as a Tracer of Dense,
Self-Shielded Gas
We detect extended emission in the F126N and F164N fil-
ters that indicates strong [Fe II] λ12567 and λ16435 emis-
sion in all four of the HH jets in the Carina nebula imaged
with WFC3-IR. In HH 666 and HH 1066, [Fe II] emission
traces the jet back to the embedded driving source. For both
HH 901 and HH 902 however, [Fe II] emission in the jet is
only detected outside the boundaries of the parent pillar.
Given the strong ionizing photon flux of the ∼ 70 O-
type stars in the Carina nebula, it is surprising to find jets
inside the H ii region that retain a substantial fraction of
neutral gas. The gas in the jet must be very dense in order
to self-shield, and we find that the IR [Fe II] emission is an
excellent tracer of this self-shielded gas.
Emission in [Fe II] λ12567 and λ16435 is often assumed
to be shock excited since it is seen in supernova remnants
(e.g. Morel et al. 2002), but shock excitation does not nec-
essarily dominate in regions with significant FUV radiation.
When infrared [Fe II] emission is produced by photoexci-
tation, it requires strong FUV radiation, but the gas must
be shielded from Lyman continuum in order to prevent ion-
ization to Fe++ (the Fe+ ionization potential is 16.2 eV).
Regardless of the excitation mechanism for the [Fe II] emis-
sion (shocks or FUV radiation), the fact that Fe+ survives
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Figure 8. Top: An F164N WFC3-IR image of HH 1066 showing
the location of the jet cross-section used to make the [Fe II] ratio
plot shown in the bottom panel. Bottom: Intensity tracings of
Hα and the ratio of [Fe II] λ16435 / λ12567 across the length of
HH 1066. The intensity of the [Fe II] ratio reaches a maximum
where Hα intensity is a minimum, suggesting an increase in the
optical depth.
provides a key constraint on the density in the jets (see Sec-
tion 4.2). Furthermore, the [Fe II] surface brightness in these
jets is an order of magnitude or more higher than that mea-
sured in the ionization fronts in the dusty pillars from which
the jets emerge, demonstrating that they are not simply ex-
tensions of the pillar ionization front.
Reipurth et al. (2000) speculate that FUV emission
from the driving protostar is the most important source of
FUV radiation for their sample of seven HH jets driven by
low mass stars that are located in quiescent environments.
If FUV from the protostars were the main source of ionizing
radiation for these four jets in the Carina nebula, then we
would expect [Fe II] to be brightest near the driving sources.
While this may be the case for HH 1066, in the other three
jets the brightest [Fe II] emission is offset from the driving
source (∼ 4′′ for HH 666) or from clumps beyond the edge of
the pillar (HH 901 and HH 902). The clumps nearest to the
jet origin do not appear substantially brighter than those
further out.
Observations of other non-irradiated HH jets generally
find [Fe II] emission confined to knots in the outflow with
morphology similar to other shock tracers (e.g. H2 2.12 µm,
and He i 1.083 µm, Lorenzetti et al. 2002; Takami et al.
2002, respectively). The excitation energy and critical den-
sity of [Fe II] is similar to (but slightly higher than) that of
[S II] and emission from the two shock-tracers is often coin-
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Figure 9. Measured [Fe II] 1.26 µm / λ16435 ratio (intrinsic
value is 1.49, see Smith & Hartigan 2006) as a function of E(B-V)
for R = 4.8 (as measured toward Carina; R. Smith 1987; Smith
2002). The peak of the [Fe II] ratio in Figure 8 corresponds to
E(B-V) ≈ 2.5 mag (note that the ratio in Figure 8 is the inverse
of that plotted here).
cident (see, e.g. Takami et al. 2002; Podio et al. 2006). How-
ever, this is not the case in the HH jets in Carina where [S II]
emission is nearly identical to the Hα morphology and does
not appear to be especially bright in any of the [Fe II] knots.
Clumpy but elongated [Fe II] λ16435 emission has been seen
in other externally irradiated HH jets (e.g. Ellerbroek et al.
2013).
HH 901 and HH 902 display a stratified ionization struc-
ture traced by Hα, [S II], and [Fe II] emission, with a de-
creasing ionization fraction with increasing distance from
Tr14 (Figure 5). This suggests that these jets are heated
externally by UV radiation from Tr14. Hα emission traces
the ionization front that protects a dense, largely neutral
portion of the jet revealed only by a high density, low
ionization tracer like [Fe II]. In HH 901, the [S II] / Hα
ratio (which increases with decreasing ionization fraction,
see Domgo¨rgen & Mathis 1994) is highest along the west-
ern limb where [Fe II] is also brightest, suggesting a sharp
boundary in the ionization front (see Figure 4).
Bright [Fe II] emission resides behind the ionization
front, and traces the densest neutral material that does not
emit Hα, requiring that these jets are more massive than
previously thought. Existing mass-loss rate estimates use the
electron densities derived from the Hα emission measure and
assume that the HH jets in the Carina nebula are fully ion-
ized (Smith et al. 2010a). However, Hα emission only traces
ionized gas, not the total gas mass. In the following section,
we reevaluate the jet density and mass-loss rate, taking into
account this previously unseen neutral material.
4.2 Jet Mass and Density Estimates
The detection of bright [Fe II] emission that is systemati-
cally offset from Hα emission in a direction away from the
source of ionizing photons (Tr14) suggests that a significant
fraction of the jet mass is shielded and exists as neutral hy-
drogen, as hypothesized by Smith et al. (2010a). The fact
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that this gas is not fully ionized, despite the harsh UV en-
vironment, means that it must be very dense. To quantify
this, we derive jet density and mass-loss rates for the eastern
and western limbs of HH 901 without assuming that the jet
is fully ionized.
Bally et al. (2006) define a minimum density for the jet
to be optically thick to Lyman continuum radiation, such
that an ionization front is created at a surface within the
jet. To maintain a slow-moving ionization front (rather than
rapidly ionizing the entire jet body), the average atomic den-
sity in the neutral jet beam, nH , must be greater than a
minimum density,
nmin =
∣∣∣∣ F2αBr(d)
∣∣∣∣
1/2
=
√
QH
4piD2
sin(β)
2αBr
(1)
where F is the ionizing flux from Tr14, which has a total
ionizing photon luminosity log(QH) = 50.34 photons s
−1
(Smith 2006). For HH 901, D = 0.7 pc is the projected
distance from Tr14 to the jet (the distance may be some-
what larger due to uncertainty in the 3D geometry), β is
the angle between the jet axis and a line to the illuminat-
ing source (taken to be 90◦ here; smaller angles between
HH 901 and Tr14 will decrease nmin), αB ≈ 2.6 × 10
−13
cm3 s−1 is the case B recombination coefficient for hydro-
gen, and r is the radius of the cylindrical jet column. For
HH 901, nmin ≈ 3.4×10
4 cm−3, which is very similar to the
critical density of these [Fe II] transitions (ncrit ∼ 3 × 10
4
cm−3), but larger than the electron density derived from the
Hα emission measure (ne = 0.9− 1.4× 10
3 cm−3).
From nmin, we can calculate a lower limit on the mass-
loss rate in a cylindrical jet using
M˙ = nmin|piµmHV r
2| (2)
where µ is the mean molecular weight (≈ 1.35), mH is the
mass of hydrogen, and V is the jet velocity. This can be
expressed numerically as
M˙min = 6.2× 10
−10
(
nmin
3.4× 104cm−3
)
V200 r
2
pcM⊙ yr
−1(3)
where nmin is the density in units of 3.4× 10
4 cm−3, V200 is
the jet velocity in units of 200 km s−1, and rpc is expressed
in pc. For HH 901, the minimum mass-loss rate for the jet to
be optically thick to Lyman continuum photons is M˙min =
2.3× 10−6 M⊙ yr
−1.
An independent way to estimate M˙ is to compare the
jet mass-loss rate to the photoablation rate, such that a
neutral cylindrical jet will be completely evaporated once
the jet has traveled a length L1 (Bally et al. 2006). Taking
the length of continuous Hα emission in the inner part of
the jet (not including clumps further along the flow axis so
that we may assume that the filling factor f is approximately
unity) as L1, we can derive an independent M˙ estimate from
the length of the Hα jet and the well-constrained energetics
in Carina. For a cylindrical jet,
M˙ ≈
L1fµmHcs
2D
[
αB
pir(d)LLyCsin(β)
]−1/2
(4)
where f ≈ 1 is the filling factor for a cylinder losing mass
from one side, cs ≈ 11 km s
−1 is the sound speed in pho-
toionized plasma, and β is the angle between the jet axis
and the direction of the ionizing radiation, estimated from
the Hα image. For the eastern edge of the HH 901 flow
(β ≈ 63◦), this method gives M˙ = 7.43 × 10−6 M⊙ yr
−1,
more than an order of magnitude higher than the mass-loss
rate derived from the Hα emission measure (1.84×10−7 M⊙
yr−1). The disparity is even greater for the western limb of
HH 901 (β ≈ 75◦) where this method gives M˙ = 3.77×10−6
M⊙ yr
−1, nearly two orders of magnitude higher than that
derived from Hα (4.0 × 10−8 M⊙ yr
−1). Not surprisingly,
new mass-loss rate estimates for both limbs of the jet are
greater than M˙min.
This method of estimating M˙ yields nH larger than
nmin, indicating that a slow-moving ionization front will
propagate through the jet beam. Stratified emission in the
western side of HH 901 seems to confirm this picture, with
high surface brightness Hα on the side of the jet closest to
the source of ionizing radiation and brighter [Fe II] emission
further north, tucked ∼ 0.4′′ behind the ionization front in
the flow (see Section 3.2.1 and Figure 4).
Hα-derived mass-loss rates are clearly underestimates
for HH 901 and HH 902 (where the filling factor is somewhat
more uncertain). While HH 666 and HH 1066 generally do
not show the same stratified Hα and [Fe II] emission as
HH 901 and HH 902, both have substantial [Fe II] emission
where there is little or no Hα from the jet. This indicates
that they also have a significant amount of shielded neutral
H not traced by Hα. Both estimates of the mass-loss rate
are, in principle, lower limits. Clumpy [Fe II] emission, even
where the optical emission is relatively continuous, indicates
additional mass in the jet not included in previous mass-loss
rates.
4.3 Comparison to Irradiated Jets in Orion
Orion is the nearest region of high-mass star formation
that also hosts a large collection of well-studied irradi-
ated outflows (Reipurth et al. 1998; Bally & Reipurth 2001;
Bally et al. 2006). Jets in Orion tend to have a morphology
that is very different from those in Carina. Many demon-
strate C-shaped symmetry where the jet bends away from
the source of ionizing radiation, due either to the bulk flow of
material from the nebula (i.e. sidewinds) or to the rocket ef-
fect pushing on the neutral jet core (Bally & Reipurth 2001;
Bally et al. 2006). While there is some evidence that the
rocket effect may bend HH 901, most of the jets in Carina
do not, in general, show significant bending (4/39 of the
larger sample do appear to be bent; all five of the HH jets
in Orion reported by Bally & Reipurth 2001 are bent).
If the rocket effect is the dominant mechanism for bend-
ing the jet, then we might expect the jets in Carina (subject
to feedback from ∼ 70 O-type stars) might show a greater
degree of bending. As discussed in Bally et al. (2006), jet de-
flection by the rocket effect depends only on the mass of the
jet and its evaporation rate, suggesting that these jets have
remained remarkably straight because their high densities
and masses provide the inertia needed to resist acceleration
of the jet away from the ionizing source.
HH 901 is only ∼ 1 pc from Tr14, and thus is subject
to the most direct and intense radiation of the jets in this
sample. Its two limbs do not lie along the same axis (they
differ by ∼ 12◦), suggesting that it may be bent by the
rocket effect. Thus, the observed deflection angle provides
an independent way to estimate the density in HH 901. As a
conservative estimate, we assume that both limbs of HH 901
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started along the same axis, and have since each been de-
flected by ∼ 6◦ and lie in the plane of the sky. The time for
the western most edge of the continuous Hα flow to reach
its current location (∼ 0.035 pc from the pillar edge), as-
suming a jet velocity of V = 200 km s−1, is t = L1/V = 177
yr. In that time, the western-most clump has been deflected
∼ 0.005 pc, which gives a deflection velocity, Vd ≈ 28 km
s−1.
Following Bally et al. (2006), this deflection velocity
can be produced by the anisotropic photoablation of a neu-
tral jet core, Vd = csln(m0/m) where m0 is the initial neu-
tral H mass of a jet segment and m is the remaining mass.
Assuming mass loss is dominated by photoablation, the re-
maining mass is simply m = m0 − m˙t where
m˙ = fpiµmHcs
LLyC rsin(β)
4piD2αB
(5)
is the mass-loss rate per unit length in the jet due to pho-
toevaporation.
Solving for m0, we find that the minimum mass of a
spherical jet segment that survives ∼ 0.035 pc from the pil-
lar edge is ∼ 2 × 10−5 M⊙, which implies a density of at
least nH =
m0
µmH
4
3
πr3
= 3.2 × 104 cm−3. This independent
estimate of nH in HH 901 is similar to the minimum density
derived in Section 4.2 and the critical density of the [Fe II]
lines. None of the other three jets show evidence for bending,
suggesting that their densities are at least as high (although
their photoablation rates are somewhat lower due to their
greater distances from the source of ionizing radiation).
One of the most striking differences between the irradi-
ated outflows in the two regions is that the outflows in Orion
are driven mostly by optically visible low-mass stars, while
fewer than 20% of HH jets in Carina have an exposed driving
source. Only one of the four jets studied here has a driving
source that can be identified in optical images (HH 666),
although it is very faint, and can only be identified with
HST.
In Orion and Carina, the longest jets remain highly
collimated over large distances. The Mach angle (µ =
sin−1 cs
vjet
), and thus the opening angle (θ = 2µ), can re-
main small if the jet is highly supersonic. For the power-
ful jets in Carina, outflow speeds may exceed 200 km/s,
although this is not necessarily the case for the jets in Orion
(Bally & Reipurth 2001). The sound speed in ionized ma-
terial (≈ 11 km/s) is an order of magnitude larger than in
neutral material, which suggests that the higher sound speed
in the plasma on the irradiated side of the jet should lead to
more jet spreading from an ionized jet than from a neutral
jet. However, this is not observed. A partially ionized jet
can maintain a greater degree of collimation if the ionized
edge of the jet shields a significant cold, neutral core where
the sound speed is lower. Given evidence for a significant
amount of neutral material in the jets in Carina, this may
help explain why the jets in Carina and Orion remain highly
collimated. This is also a particularly appealing explanation
for the high degree of collimation seen in the [Fe II] jet in the
eastern edge of HH 666 (feature O) where the Hα emission
is somewhat broader.
Alternative explanations for the observed high degree
of collimation include external pressure from the H ii re-
gion (although this is unlikely given the directional nature of
the radiation pressure, especially near HH 901 and HH 902)
and magnetic confinement. Theoretical models of magneto-
hydrodynamic winds often argue for magnetic collima-
tion of the flow (e.g. Fendt 2006; Pudritz et al. 2006) and
large-scale, aligned magnetic fields have been observed in
some sources (e.g. Ray et al. 1997; Carrasco-Gonza´lez et al.
2010). However, among the few protostellar sources for
which magnetic fields have been measured, there are many
examples of misaligned fields (Hull et al. 2013), making the
role of magnetic fields in jet collimation unclear.
4.4 Comparison to Other Massive Outflows
Most outflows driven by intermediate-mass protostars have
been studied via their molecular emission (e.g. Beltra´n et al.
2002, 2006, 2008; Beuther et al. 2008; Forbrich et al. 2009;
Fuente et al. 2009; Takahaski & Ho 2012). Higher MZAMS
sources evolve faster along the pre-main sequence, so one ex-
pects that most examples of intermediate-mass protostellar
outflows are still deeply embedded. A variety of models have
been proposed to explain the broad spectrum of flow mor-
phologies observed, although most have focused on outflows
from low-mass protostars (Cabrit et al. 1997; Arce et al.
2007). Observed similarities between low- and relatively
high-mass outflows suggest a similar production mechanism
regardless of protostellar mass (Richer et al. 2000), although
this has been disputed on the basis of observational biases
(particularly distance, see Ridge & Moore 2001).
Thus, the Carina nebula is a particularly useful envi-
ronment in which to study protostellar outflows. It provides
a heterogeneous sample of outflows at a single distance that
may be observed with uniform resolution. Carina houses a
considerable number of intermediate-mass protostars near
a large population of much more massive O-type stars (see
Section 4.5). If a jet-driven molecular outflow emerges into
a giant H ii region like the Carina nebula, molecules in the
flow will quickly be dissociated by the harsh UV radiation
bathing the region (see Figure 10). Thus, only the irradiated
atomic jet core will remain, allowing for direct study of the
jet. This removes the need to infer jet properties from the
emission of entrained molecules which will be complicated
by variations in the environment into which the jet propa-
gates. The lack of a wider envelope of entrained molecules
may also explain why the irradiated jets in Carina and Orion
are observed to be so highly collimated (Bally & Reipurth
2001; Smith et al. 2010a).
A nice example of a collimated jet and shocked envelope
is HH 666 (Figure 2). [Fe II] emission traces the dense, highly
collimated jet powering the HH 666 flow, following the jet
into the molecular globule all the way back to the driving
source. Hα and [S II] emission surround the [Fe II] jet, par-
ticularly in feature HH 666 O, tracing a sheath around the
jet that may be irradiated material in the walls of a cavity
cleared by the jet (see Figure 2d). Surprisingly, Smith et al.
(2004) found no H2 emission associated with the jet. Out-
side of the molecular globule, this is consistent with the rapid
dissociation of molecules we would expect in the harsh UV
environment created by the numerous O stars in the Carina
nebula. Less clear is why there appears to be no H2 emission
from the jet inside the rich molecular environment of the pil-
lar (although faint emission from the jet may be difficult to
detect against the bright background).
The HH jets in Carina comprise the largest sample of
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Figure 10. Top: An illustration of the molecular jets often ob-
served in embedded star-forming regions. Without an external
ionizing source, only the molecules excited in walls of the out-
flow cavity trace the observed outflow while the atomic jet core
remains invisible. Some of the jet core may be emit in the radio
continuum if shocks in the flow lead to partial ionization. Bot-
tom: Outflows emerging into an H ii region will be bathed in UV
radiation that will rapidly dissociate entrained molecules, leav-
ing the irradiated atomic jet core to be gradually ionized and
photo-evaporated outside the natal pillar.
irradiated flows from intermediate-mass stars in a single re-
gion, and are among the most massive irradiated outflows
known. Unlike molecular outflows from other intermediate-
mass protostars, the HH jets in Carina can be studied di-
rectly (rather than via the molecular material they entrain)
because they are not obscured by the extensive gas and dust
that typically surrounds young star forming regions, and be-
cause the jet gas is externally illuminated. Few HH objects
associated with more massive protostellar outflows have
been found for this reason (although see McGroarty et al.
2004).
Intermediate-mass stars forming alongside massive
stars, like those in the Carina nebula, form in an environ-
ment that is profoundly changed by the H ii region carved by
the most massive cluster members. As dust pillars harboring
star formation are eroded by the advancing ionization front,
accretion-driven outflows will emerge into the H ii region
and will be irradiated while they are very young. Since most
intermediate-mass stars will form alongside faster-evolving
high-mass stars, these irradiated flows may be more rep-
resentative of intermediate-mass protostellar outflows than
their molecular counterparts.
4.5 Environment
Within the Carina H ii region, the four outflows considered
here are subjected to varying amounts of radiation and feed-
back depending on their distance and orientation relative to
the ionizing radiation from nearby massive stars. One of the
most striking differences is that [Fe II] emission traces the
jet back to a detectable Spitzer point source in HH 666 and
HH 1066, but for HH 901 and HH 902 there is no unambigu-
ous IR protostar inside either pillar. The driving sources of
both HH 901 and HH 902 could be extremely young and
deeply embedded (Class 0), they could be obscured by an
edge-on circumstellar disk, or they could emerge from ex-
traordinarily dense globules that remain optically thick even
into the mid-IR.
Unlike HH 666 and HH 1066, HH 901 and HH 902 pro-
trude into the hot, shocked stellar wind bubble expanding
from the large O-star population in the centre of the nebula.
Outside of this bubble, ionizing radiation drives a photoe-
vaporative flow off of neutral pillars, creating a protective
boundary layer that somewhat reduces the incident ioniz-
ing flux (Bertoldi 1989). This appears to be the case with
HH 666 where extended streams of Hα emission normal to
the ionization front clearly trace the photoevaporative flow
from the pillar (see Figure 1). Inside the stellar wind bubble,
globules and pillars that survive the initial passage of the
ionization front will be compressed, settling into a steady
configuration where the pressure of the ionization front is
balanced by the pressure of the neutral gas in the pillar
(Bertoldi & McKee 1990). In this regime, extremely high
densities are necessary to balance the pressure of the sur-
roundings. Limits on the visual extinction of HH 901 imply
a much larger column density (NH & 2 × 10
22 cm−2, see
Section 3.2.1) than is measured for HH 666 (NH ≈ 6× 10
20
cm−2), consistent with what Preibisch et al. (2012) found
from their analysis of Herschel data. Together with the much
smaller size of the HH 901 pillar compared to HH 666 (a
factor of 10), the estimated volume density is nearly three
orders of magnitude larger for HH 901 (nH & 3× 10
5 cm−3
compared to nH ≈ 4 × 10
2 cm−3 for HH 666). This high
density obscures the HH 901 driving source, even at 10− 20
µm.
4.6 Collimated Outflows from Intermediate-Mass
Protostars
The intermediate-mass stars driving outflows in the Carina
nebula add to a growing body of evidence that stars of all
masses drive highly collimated outflows (θ 6 10◦) as part
of their evolution (e.g. Palau et al. 2010; Qiu et al. 2011;
Zhu et al. 2011). While some observations (e.g Wu et al.
2004) and theory (e.g. Vaidya et al. 2011) suggest that more
massive protostars drive less collimated flows (θ > 20◦),
we find that the protostellar jets observed in Carina are
no less collimated than their low-mass counterparts (open-
ing angles of a few degrees). McGroarty et al. (2004) also
find similarly small opening angles in their study of five HH
jets driven by intermediate-mass stars. Stronger radiation
from more luminous, more massive protostars has been pro-
posed as a physical mechanism to decrease outflow collima-
tion (Beuther & Shepherd 2005; Vaidya et al. 2011). How-
ever, differences in collimation may also be an observational
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bias as outflows found to be poorly collimated at low resolu-
tion have been shown to be more collimated when observed
at higher resolution (Beuther et al. 2002a).
This difference is particularly significant for outflows
from intermediate- and high-mass stars, the majority of
which have been observed with molecular emission lines
in the millimeter (see Section 4.4). Molecular observations
are blind to the atomic jet that may power the flow (e.g.
Dionatos et al. 2009), and only sample molecules in walls of
a cavity or shock cone created by the jet. Shocks expand
laterally with time, so an outflow observed only in molecu-
lar emission may appear broad while the invisible atomic
jet remains highly collimated. A two-component jet sys-
tem like this will look completely different in highly embed-
ded regions (e.g. Torrelles et al. 2003; Beuther et al. 2008;
Takahaski & Ho 2012) as compared to an irradiated envi-
ronment like Carina (see Figure 10). Because the jets in
Carina protrude into the H ii region, the UV radiation field
quickly destroys molecules entrained in the flow outside the
pillar, and illuminates the largely neutral atomic jet, reveal-
ing a highly collimated flow. The highly collimated jets in
Carina suggest that the scenario of low-mass star formation
can be “scaled-up” at least to ≈ 6− 8 M⊙.
5 CONCLUSIONS
We analyse high-resolution narrowband HST/WFC3-IR
λ12657 and λ16435 [Fe II] images of four of the most spectac-
ular jets in the Carina nebula. HH 666, HH 901, HH 902, and
HH 1066 all show bright IR [Fe II] emission with λ16435/Hα
ratios at least an order of magnitude higher than the ratio
measured in nearby photoionized gas, revealing a significant
amount of self-shielded, neutral material in the jet not traced
by Hα. In both HH 901 and HH 902, Hα is brightest along
the side of the jet that faces the source of ionizing radia-
tion (Tr14), while [Fe II] emission peaks further away. This
stratified emission structure reflects a slow-moving ioniza-
tion front propagating through the width of the jet beam.
The jet will be optically thick to Lyman continuum pho-
tons if the average atomic density, nH , is sufficiently high,
thus preventing the rapid ionization of the jet. For HH 901,
we find nH ≈ 1 − 3 × nmin, the minimum density to be
optically thick to Lyman continuum radiation. In addition,
we estimate the mass-loss rates of both limbs of HH 901
without assuming that the jet is fully ionized, and find val-
ues an order of magnitude larger than those based on the
Hα emission measure. Bright [Fe II] emission in all four jets
suggests that the mass-loss rates derived from the Hα emis-
sion measure vastly underestimate the true amount of mass
lost in these jets, indicating that these jets are substantially
more massive than previously thought. We emphasize that
these constraints on the jet density come from the survival
of Fe+ against further ionization, and do not depend on the
excitation mechanism that powers [Fe II] emission. We do,
however, note several morphological reasons to expect that
the [Fe II] emission is significantly influenced by FUV radi-
ation.
If the jet mass-loss rate is ∼ 1 − 10% of the accretion
rate, more mass in these jets suggests that they are likely
to be driven by intermediate-mass protostars (2 − 8 M⊙)
instead of low-mass stars (< 2 M⊙). Model fits to the IR
SEDs of the protostars driving HH 666 and HH 1066 (6.3
M⊙ and 2.8 M⊙, respectively) corroborate this interpreta-
tion, adding to a growing body of evidence that stars of all
masses form by accretion. We find that the jets in Carina
are no less collimated than their low-mass counterparts. The
essential difference is that the optical and near-IR emission
lines trace the neutral atomic jet core that would remain
unseen if the jet were not irradiated in the H ii region. The
harsh UV environment in Carina allows a unique view of
these four outflows and provides new evidence that even rel-
atively massive stars can drive collimated jets.
[Fe II] emission traces both HH 666 and HH 1066
back into the parent globule, connecting the jets to Spitzer-
identified intermediate-mass protostars. No [Fe II] emission
associated with the jet is detected inside the pillars housing
HH 901 and HH 902, nor is there any detection of point-
like emission from the driving sources even at wavelengths
as long as 24µm. This may be a consequence of higher ex-
tinction, which is in turn created by the high pressure envi-
ronment; HH 901 and HH 902 protrude into the hot stellar
wind bubble created by Carina’s many O stars. Large opti-
cal depths in the pillars may reflect high densities created
as the pillar was compressed by the advancing hot bubble.
ACKNOWLEDGMENTS
Support for this work was provided by NASA grant AR-
12155 from the Space Telescope Science Institute. This work
is based on observations made with the NASA/ESA Hub-
ble Space Telescope, obtained from the Data Archive at the
Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-26555. These observations are
associated with program GO/DD 12050. We acknowledge
the observing team for the HH 901 mosaic image: Mutchler,
M., Livio, M., Noll, K., Levay, Z., Frattare, L., Januszewski,
W., Christian, C., Borders, T.
REFERENCES
Agra-Amboage V., Dougados C., Cabrit S., Reunanen J.
2011, A&A, 532, 59
Arce H.G., Shepherd D., Gueth F., Lee C.-F., Bachiller
R., Rosen A., Beuther, H. 2007, PPV, eds. B. Reipurth,
D. Jewitt, & K. Keil (Tucson, AZ; University of Arizona
Press), 245
Bally J., O’Dell C.R., McCaughrean M.J., 2000, AJ, 119,
2919
Bally J., Licht D., Smith N., Walawender J., 2006, AJ, 131,
473
Bally J., Reipurth B., 2001, ApJ, 546, 299
Bally J., Cunningham N.J., Moeckel N., Burton M.G.,
Smith N., Frank A., Nordlund A. 2011, ApJ, 727, 113
Beltra´n M.T., Girart J.M., Estalella R., Ho P.T.P., Palau
A., 2002, ApJ, 573, 246
Beltra´n M.T., Girart J.M., Estalella R., 2006, A&A, 457,
865
Beltra´n M.T., Estalella R., Girart J.M., Ho P.T.P.,
Anglada G., 2008, A&A, 481, 93
Benisty M. et al., 2010, A&A, 517, 3
c© 2013 RAS, MNRAS 000, 1–15
Massive jets from intermediate-mass stars in Carina 15
Bertoldi F., 1989, ApJ, 346, 735
Bertoldi F., McKee C.M., 1990, ApJ, 354, 529
Beuther H., Schilke P., Sridharan T.K., Menten K.M.,
Walmsley C.M., Wyrowski F., 2002a, A&A, 383, 892
Beuther H., Schilke P., Gueth F., McCaughrean M., An-
dersen M., Sridharan T.K., Menten K.M., 2002b, A&A,
387, 931
Beuther H., Shepherd D., 2005, Cores to Clusters: Star For-
mation with Next Generation Telescopes, M.S.N. Kumar
et al. eds., Springer, New York, 105
Beuther H., Walsh A.J., Thorwirth S., Zhang Q., Hunter
T.R., Megeath S.T., Menten K.M., 2008, A&A, 481, 169
Cabrit S., Edwards S., Strom S.E., Strom K.M., 1990, ApJ,
354, 687
Cabrit S., Raga A.C., Gueth F., 1997, In IAU Symp. 182:
Herbig-Haro Flows and the Birth of Stars (B. Reipurth &
C. Bertout, eds.), 163
Calvet N., 1998, AIPC, 431, 495
Calvet N., Muzerolle J., Bricen˜o C., Herna´ndez J., Hart-
mann L., Saucedo J.L., Gordon K.D., 2004, AJ, 128, 1294
Carrasco-Gonza´lez C., Rodr´ıguez L.F., Anglada G., Mart´ı
J., Torrelles J.M., & Osorio M. 2010, Science, 330, 1209
Cunningham A.J., Klein R.I., Krumholz M.R., McKee
C.F., 2011, ApJ, 740, 107
Dionatos O., Nisini B., Garcia Lopez R., Giannini T., Davis
C.J., Smith M.D., Ray T.P., DeLuca M., 2009, ApJ, 692,
1
Domgo¨rgen H., Mathis J.S., 1994, ApJ, 428, 647
Dunham M.M., Evans N.J. II, Terebey S., Dullemond C.P.,
Young C.H., 2010, ApJ, 710, 470
Dunham M.M., Vorobyov E.I., 2012, ApJ, 747, 52
Ellerbroek L.E., Podio L., Kaper L., Sana H., Hup-
penkothen D., de Koter A., Monaco L., 2013, A&A, 551,
5
Fendt C., 2006, ApJ, 651, 272
Forbrich J., Stanke Th., Klein R., Henning Th., Menten
K.M., Schreyer K., Posselt B., 2009, A&A, 493, 547
Fuente A. et al., 2009, A&A, 507, 1475
Gu¨ver T., O¨zel F., 2009, MNRAS, 400, 2050
Guzma´n A.E., Garay G., Brooks K.J., Voronkov M.A.,
2011, ApJ, 736, 150
Guzma´n A.E., Garay G., Brooks K.J., Voronkov M.A.,
2012, ApJ, 753, 51
Haro G., 1952, ApJ, 115, 572
Haro G., 1953, ApJ, 117, 73
Hartigan P., Morse J.A., Raymond J., 1994, ApJ, 436, 125
Hartigan P., Edwards S., Ghandour L.J., 1995, ApJ, 452,
736
Hartigan P., Reiter M., Smith N., Bally J., 2013, in prep
Herbig G.H., 1950, ApJ, 111, 11
Herbig G.H., 1951, ApJ, 113, 697
Hull C.L.H. et al. 2013, ApJ, 768, 159
Lorenzetti D., Giannini T., Vitali F., Massi F., Nisini B.,
2002, ApJ, 564, 839
McGroarty F., Ray T.P., Bally J., 2004, A&A, 415, 189
Morel T., Doyon R., St-Lousi N., 2002, MNRAS, 329, 398
Offner S.S.R., McKee C.M., 2011, ApJS, 736, 53
Ohlendorf H., Preibisch T., Gaczkowski B., Ratzka T.,
Grellmann R., McLeod A.F., 2012, A&A, 540, 810
Ouyed R., Pudritz R.E., 1999, ApJ, 482, 712
Palau A., Sa´nchez-Monge A´., Busquet G., Estalella R.,
Zhang Q., Ho P.T.P., Beltra´n M.T., Beuther H., 2010,
A&A, 510, 5
Pesenti N., Dougados C., Cabrit S., O’Brien D., Garcia P.
Ferreira J., 2003, A&A, 410, 155
Podio L., Bacciotti F., Nisini B., Eislo¨ffel J., Massi F., Gi-
annini T., Ray T.P., 2006, A&A, 456, 189
Povich M. et al., 2011, ApJS, 194, 14
Preibisch T., Roccatagliata V., Gaczkowski B., Ratzka T.,
2012, A&A, 541, 132
Pudritz R.E., Rogers C.S., Ouyed R., 2006, MNRAS, 365,
1131
Qiu K., Zhang Q., Menten K.M., 2011, ApJ, 728, 6
Raga A.C., Lora V., Smith N., 2010, RMxAA, 46, 179
Ray T.P., Muxlow T.W.B., Axon D.J., Brown A., Corcoran
D., Dyson J., & Mundt R. 1997, Nature, 385, 415
Reipurth B., Bally J., Fesen R., Devine D., 1998, Nature,
396, 343
Reipurth B., Yu K.C., Heathcote S., Bally J., Rodr´ıguez
L.F., 2000, AJ, 120, 1449
Reipurth B., Bally J., 2001, ARA&A, 39, 403
Reiter M. et al., in preparation
Richer R.S, Shepherd D.S., Cabrit S., Bachiller R., Church-
well E., 2000, Protostars and Planets IV, eds. V. Mannings
et al. (Tucson, AZ; University of Arizona Press), 867
Ridge N.A., & Moore T.J.T. 2001, A&A, 378, 495
Seale J.P., Looney L.W., 2008, ApJ, 675, 427
Shepherd D.S., Kurtz S.E., 1999, ApJ, 523, 690
Shu F., Najita J., Ostriker E., Wilkin F., Ruden S., Lizano
S., 1994, ApJ, 429, 781
Smith R.G., 1987, MNRAS, 227, 943
Smith N., 2002, MNRAS, 331, 7
Smith N., Bally J. Brooks K.J., 2004, AJ, 127, 2793
Smith N., 2006, MNRAS, 367, 763
Smith N., Hartigan P., 2006, ApJ, 638, 1045
Smith N., Bally J. Walborn N., 2010a, MNRAS, 405, 1153
Stamatellos D., Whitworth A.P., Hubber D.A., 2011, ApJ,
730, 32
Takahashi S., Ho P.T.P., 2012, ApJ, 745, 10
Takami M. et al., ApJ, 566, 910
Torrelles J.M. et al., 2003, ApJ, 598, 115
Vaidya B., Fendt C., Beuther H., Porth O., 2011, ApJ, 742,
56
Wu Y., Wei Y., Zhao M., Shi Y., Yu W., Qin S., Huang
M., 2004, A&A, 426, 503
Zinnecker H., Yorke H.W., 2007, ARA&A, 45, 481
Zhu L., Zhao J., Wright M.C.H., 2011, ApJ, 740, 114
c© 2013 RAS, MNRAS 000, 1–15
